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"Procedure for synthesis of crystalline microporous 

silico-alumino-phosphates ft __ 

The application concerns a procedure for the production of 
crystalline microporous silico-alumino-phosphates with a 
controlled silicon content, a crystalline microporous silico — 
alumino-phosphate with improved stability to deactivation and 
an application of this in the production of olefins from 
methanol . 

We are familiar from Norwegian Patent Application No. 832712 
with microporous crystalline silico-alumino-phosphates and a 
procedure for synthesizing such products. These products have 
a three-dimensional space lattice built up from P0 2 +, A10 2 - and 
Si0 2 tetrahedral units, whose most important chemical composi- 
tion on a water-free basis is: 

mR: (Si^lyPJ 0 2 

where n R" represents at least one organic template material 
which is present in the intracrystalline pore system; "m" is 
the number of moles of n R M present per mole of (Si x AlyP 2 ) 0 2 and 
m has a value between 0 and 0.3, the maximum value in each case 
being dependent on the molecular dimensions of the template 
material and the available pore volume in the silico-alumino- 
phosphate structure in question; "x", "y" and "z" are molar 
fractions of silicon, aluminium and phosphorus respectively, 
present as tetrahedral oxides. The minimum value of M x", "y ,f 
and "z" is 0.01, and the maximum value of "x" is 0.98, of n y M 
0.6 and of "z" 0.52. The minimum value of "m" in the formula 
above is 0.02. 

The reaction mixture is achieved by combining at least one part 
each of the aluminium and phosphorus sources in the absence of 
the silicon source. Then the resultant mixture is reacted with 
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the remaining components to get the total reaction mixture. 

The reaction mixture is placed in a pressure vessel for 
shaking then heating under autogenic pressure to a temperature 
of at least 100 °C, and preferably between 100 and 260 °C, until 
a crystalline silico-alumino-phosphate is obtained. The 
product is extracted in any appropriate way, for example by 
centrifuging or filtering. 

It is generally known that the chemical composition of the si- 
lico-alumino-phosphates is very important for their physical 
and chemical properties, including their properties when used 
as catalytic materials. It would therefore be a great 
advantage if one could use production methods for silico- 
alumino-phosphates where the chemical composition of the 
product can be variably controlled. This is particularly true 
of the silicon content. The known technique makes no allowance 
for this. In syntheses of SAPO-34 in NO 832712, for example, 
there is a poor match between the chemical composition of the 
synthesis gel and the synthesized silico-alumino-phosphate. 

According to the examples in NO 832712, eguimolar quantities 
of aluminium oxide and phosphorus pentoxide are used to 
synthesize SAPO-34. Since Si partly replaces P in the SAPO 
structure, a mixture is obtained where an excess of P has 
arisen in the form of phosphoric acid. The amount of Si which 
replaces P, and thus the composition of the end product, does 
not seem to be controllable in these syntheses. 

After a period of time, all catalysts used to convert methanol 
to olefin (the MTO reaction) lose their active ability to 
convert methanol to hydrocarbons - that is, the catalyst is 
deactivated. With MTO catalysts of the molecular sieve type, 
this is because the microporous crystal structure is filled up 
with low-volatility carboniferous compounds which block the 
pore structure. This is often called deactivation by "coking". 
The carboniferous compounds can be removed by combustion in 
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air. This is a familiar technique. 

Deactivation can also take the form of the collapse of the 
space lattice, but this kind of deactivation takes place over 
a much longer timescale than deactivation by coking. 

Stability to deactivation by coking is a very important 
property for an MTO catalyst, so it would be a great advantage 
if one could produce MTO catalysts with improved stability to 
deactivation by coking. 

The object of the invention is thus to produce crystalline 
microporous silico-alumino-phosphates with controlled silicon 
content. Another object is to produce silico-alumino-phosphates 
which have an enhanced stability to deactivation by coking. 

These and other objects of the invention are achieved by means 
of the procedure described below, and the invention is 
characterized and defined by the patent claims listed at the 
end of this application. 

With this invention we have arrived at a method by which the 
chemical composition of the product can be controlled. 
Surprisingly, we have found that this can be done by mixing the 
aluminium, silicon and phosphorus sources in the synthesis gel 
in the same proportions as required in the finished silico- 
alumino-phosphate. To achieve this it is necessary to have a 
small excess of phosphoric acid corresponding to the amount 
remaining in the* fluid phase after complete crystallization. 
Furthermore, another acid than phosphoric acid must be added. 
We have preferred to use hydrochloric acid. The composition of 
the end product can be accurately controlled, and as a result, 
silico-alumino-phosphates can be synthesized with the desired 
silicon content. This can in general be used to optimize the 
chemical properties of silico-alumino->phosphates used as 
catalysts. 
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To synthesize silico-alumino-phosphates according to the 
invention, the aluminium source is mixed with the phosphorus 
source and the acid additive. The mixture is homogenized before 
the silica source is added- The gel formed is homogenized 
before adding the template material. After homogenization, the 
mixture is poured into a pressure vessel and shaken at room 
temperature, then heated. The solid reaction product is 
recovered and dried. 

The sequence of the process stages is not critical, but the 
extra acid additive (preferably HC1) must be added along with 
the phosphorus source. It was found that the molar ratio of 
silica to HC1 must be kept between 0.3 and 3. The preferred 
ratio is 1-2. 

In synthesizing silico-alumino-phosphates, the choice of 
sources for aluminium oxide, silica and phosphorus pentoxide 
is not critical. For example, aluminium propoxide, phosphoric 
acid and silica sol can be used. As template materials, 
tetraethyl ammonium hydroxide solution, cyclopentylamine, 
aminomethyl cyclohexane, piperidine, cydohexylamine and tri- 
ethyl hydroxyethylamine can be mentioned as suitable materials. 

The invention will be further illustrated by the following 
examples • In the examples the improved method of synthesis is 
used to produce the material SAPO-34 in particular, but can be 
generally used to synthesize all types of silico-alumino-p- 
hosphates. 
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Example 1 

To synthesize SAPO-34, a reaction mixture was made by combining 
27.2 g of aluminium isopropoxide with a mixture of 13.7 g of 
85% phosphoric acid and 1.4 g of 37% hydrochloric acid in 36.3 
g of distilled water. The mixture was homogenized by agitation 
for one minute in a 250 ml PE bottle. To this mixture was added 
4*0 g of a 30% silica sol in water, and the gel which formed 
was homogenized in the same way as described above. The mixture 
was left to stand for five minutes. Then 49.2 g 40% of an 
aqueous solution of tetraethyl ammonium hydroxide was added, 
and this mixture was homogenized as described above. The 
composition of the finished reaction mixture in mole ratios 
was: 

(TEA) 2 0: 0.30 Si0 2 : Al 2 0 3 : 0.89 P 2 0 5 : 0.20 HC1 

The mixture was then poured into a stainless steel pressure 
vessel lined with an inert material, and this was placed in a 
heat block. The heat block and pressure vessel were agitated 
on a vibration table for 16 hours at room temperature. The 
mixture was then heated to 215°C, and was kept at this tempera- 
ture for 99 hours. The solid reaction product was recovered by 
centrifuging, washed in 150 ml of distilled water and then 
centrifuged again. It was then dried in air at 110°C overnight. 
The product was crystalline, and consisted of SAPO-34 with an 
X-ray powder diffraction pattern (XRD) characterized by the 
following data: 
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TABLE 1. 
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9.49 
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25.26 


3.526 


19 I 


25.80 


3.453 


15 


27.57 


3.236 
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3.140 
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29.52 


3.026 


5 


30.51 


2.930 


25 


31.28 


2.866 


17 



The product was calcinated in dry air at 600°C for two hours, 
and then analysed. Chemical analysis determined that the 
composition of the solid, calcinated product was 42.4 weight 
% A1 2 0 3 , 8.1 weight % Si0 2 , 49.5 weight % P 2 0 5 , which gave a pro- 
duct composition in terms of the main components of: 

0.32 Si0 2 : A1 2 0 3 : 0 . 84 P 2 0 5 . 



Example 2 

SAPO-34 was synthesized with the same prescription as described 
in Example l r but the amount of silica sol added was less (3.2 
g) ? less hydrochloric acid was added (1.1 g) ; but more 
phosphoric acid (14.2 g) , such that the composition of the 
finished reaction mixture in mole ratios was: 

(TEA) 2 Of 0.24 Si0 2 : A1 2 0 3 : 0.92 P 2 0 5 : 0.16 HC1 

The product was recovered as described in Example 1 and was 
characterized by an XRD pattern without significant deviations 
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from the one shown in Table 1. Chemical analysis of the 
calcinated product revealed a product composition in terms of 
main components of: 

0.25 Si0 2 : A1 2 0 3 : 0.92 P 2 0 5 . 
Example 3 

SAPO-34 was synthesized with the same prescription as described 
in Example 1, but the quantity of silica sol added was less 
(2.6 g) ; less hydrochloric acid was added (0.9 g) , but more 
phosphoric acid (14.5 g) such that the composition of the 
finished reaction mixture in mole ratios was: 

(TEA) 2 0: 0.20 Si0 2 : A1 2 0 3 : 0.94 P 2 0 5 : 0.12 HC1 

The product was recovered as described in Example 1 and chara- 
cterized by an XRD pattern in all essentials as in Table 1. 
Chemical analysis of the calcinated product revealed a product 
composition in terms of main components of: 

0.21 Si0 2 : A1 2 0 3 : 0.94 P 2 0 5 . 
Example' 4 

SAPO-34 was synthesized with the same prescription as described 
in Example 1, but the guantity of silica sol added was less 
(2 .0 g) ; less hydrochloric acid was added (0*7 g) ; but more 
phosphoric acid (14.9 g) , such that the composition of the 
finished reaction mixture in mole ratios was: 

(TEA) 2 0: 0.15 Si0 2 : Al 2 0 3 : 0.97 P 2 0 5 : 0.10 HC1 

The product was recovered as described in Example 1 and chara- 
cterized by an XRD pattern in all essentials as in Table 1. 
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Chemical analysis of the calcinated product revealed a product 
composition in terms of main components of: 

0.17 Si0 2 : A1 2 0 3 : P 2 0 5 . 
Example 5 

SAPO-34 was synthesized with the same prescription as described 
in Example 1, but the quantity of silica sol added was gxeater 
(8.2 g) ; more hydrochloric acid was added (3.2 g) ; but less 
phosphoric acid (ll.O g) such that the composition of the 
finished reaction mixture in mole ratios was: 

(TEA) 2 0: 0.62 Si0 2 : A1 2 0 3 : 0 . 72 P 2 0 5 : 0.48 HC1 

The product was recovered as described in Example 1 and chara- 
cterized by an XRD pattern in all essentials as in Table 1. 
Chemical analysis of the calcinated product revealed a product 
composition in terms of main components of: 

0.59 SiO z : Al^: 0.83 P 2 0 5 . 
Example 6 

SAPO-34 was synthesized with the same prescription as described 
in Example 1, but the quantity of silica sol added was less 
(1.5 g) ; less hydrochloric acid was added (1.1 g) ; but more 
phosphoric acid (15.0 g) , such that the composition of the 
finished reaction mixture in mole ratios was: 

(TEA) 2 0: 0.11 Si0 2 : Al^: 0.97 P 2 O s : 0.15 HCl 

The product was recovered as described in Example 1 and chara- 
cterized by an XRD pattern in all essentials as in Table 1. 
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Table 2 sums up the molar composition of the synthesis gel and 
the synthesized silico-alumino-phosphates in Examples 1-6. 



TABLE 2. Molar composition of synthesis mixture and pro- 
ducts in Examples 1-6. 



Example 

# 


SYNTHESIS GEL 


SYNTHESIS PRODUCT 


SiOy 


AI3O3 




SiO? 


AI^Ot 




1 


0.30 


1 . 00 


0.89 


0.32 


1.00 


0.84 


2 


0.24 


1.00 


0.92 


0.25 


1.00 


0.92 


3 


0.20 


1.00 


0.94 


0.21 


1.00 


0.94 


4 


0.15 


1.00 


0.97 


0.17 


1.00 


1.00 


5 


0.60 


1.00 


0.75 


0.59 


1.00 


0.83 


6 


0.11 


1.00 


0.97 


0.09 


1.00 


0.96 



The results in Table 2 illustrate how the enhanced method of 
synthesis can be used to control the variation of the silicon 
content in SAPO-34. 

The synthesis examples are described with the addition of 
hydrochloric acid to regulate the PH of the gel. Tests were 
done to establish whether the addition of other acids produced 
the intended effect. Examples 7 and 8 describe the use of 
sulphuric and nitric acid respectively instead of hydrochloric 
acid. 

pyample 7 

SAPO-34 was synthesized with the same prescription as described 
in Example 6, but instead of 1,1 g of 37% hydrochloric acid, 
0.7 g of concentrated sulphuric acid was added, such that the 
composition of the finished reaction mixture in mole ratios 
was: 

(TEA) 2 0: 0.11 Si0 2 : A1 2 0 3 : 0-97 P 2 0 5 : 0.05 H 2 S0 4 
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The product was recovered as described in Example 1 and chara 
cterized by an XRD pattern with the following data: 



TABLE 3. 
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5 
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3.521 
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3.419 


16 


27.68 


3.222 


2 


28 . 32 


3.151 


4 


29.15 


. 3.063 


10 


30.18 


2.962 


13 


30.50 


2.930 


9 


31.32 


2 . 856 


7 


33.79 


2.653 | 


4 



The X-ray data in Table 3 shows that the product mainly 
consists of SAPO-5 with some SAPO-34. 



Example 8 

SAPO-34 was synthesized with the same prescription as described 
in Example 6, but instead of 1.1 g of 37% hydrochloric acid, 
1.0 g of 65% nitric acid was added, such that the composition 
of the finished reaction mixture in mole ratios was: 
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(TEA) 2 0: 0.11 Si0 2 : A1 2 0 3 : 0 . 97 P 2 0 5 : 0.07 HN0 3 

The product was recovered as described in Example 1 and chara 
cterized by an XRD pattern with the following data: 



TABLE 4. 
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3.409 
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3.328 
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29.13 


3.065 


5 


30.16 
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11 


30.51 


2.930 


16 


31.32 


2.856 


17 



The XRD data in Table 4 show that the product mainly consists 
of SAPO-34, but with a considerable percentage of SAPO-5. 



The characterization of the products in Examples 7 and 8 by 
their powder X-ray dif fractogram shows that impurities were 
obtained. This indicates that hydrochloric acid is the 
preferred reagent for synthesizing a product with controlled 
composition. 
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It was found that the present invention provides opt imum 
introduction and distribution of silicon in the crystal lattice 
of the silico-alumino-phosphates, and improved morphological 
properties. This was demonstrated by comparing silico-alumino- 
phosphates with the same silicon content, synthesized respec- 
tively with the present invention and with the known technique. 

The examples show the catalytic application for the synthesis 
of light olefins from methanol as raw material. In general the 
improved silico-alumino-phosphates can be used for catalytic 
conversion of a raw material which includes aliphatic hetero- 
compounds like alcohols, ethers, carbonylic compounds like al- 
dehydes and ketones, halogenides, mercaptans, sulphides and 
amines to a hydrocarbon product containing light olefins like 
ethylene, propylene and butenes. The aliphatic hetero-compound 
may be pure, in a mixture with others of the specified 
aliphatic hetero-compounds , or mixed with a diluent such as 
water, nitrogen, a hydrocarbon etc. 

The raw material is brought into contact with the molecular 
sieve synthesized as in the invention in conditions which lead 
to efficient conversion into light olefins. Use of a diluent, 
especially water, is preferable in this reaction* 

The process can be carried out in all the familiar reactor 
types, including fixed bed and fluidized reactors. The 
catalyst is prepared as necessary for use in the various 
reactor types. The techniques for such preparation are 
familiar and will not be described in this application. 

The materials synthesized in Examples 1-6 were tested as 
catalysts in the conversion of methanol into light olefins 
(Exx. 9-14) . All the materials were calcinated at a high 
temperature before testing to remove traces of template 
material in the microporous structure. 
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These tests were done in a steel reactor with an outside 
diameter of h n * 0.5 g of catalyst, screened to 35-70 US 
standard mesh, was used. Quartz particles were laid over and 
under the catalyst particles. The reactor was heated by an 
outside electric heater and the reactor temperature was 
measured with a thermo element. The reactor temperature in all 
examples described below was 425 °C. Methanol was fed with a 
precision pump (ISCO LC 5000) and diluted with nitrogen gas, 
such that the partial pressure of methanol was 0.4 bars. Total 
pressure in the reactor was about 1.2 bars. The product gas 
from the reactor was conducted through a condenser cooled by 
ice water before the product composition was determined by gas 
chromatography . 

The methanol conversion was 100% in the tests, with a carbon 
balance close to 100%. As a measure of the stability of the 
catalyst to deactivation, the interval before breakthrough of 
dimethyl ether was used. With the breakthrough of DME the 
conversion of oxygenates to light olefins is less than 100%, 
and the catalyst must be regenerated. 

Table 5 shows the interval before breakthrough for the 
catalysts synthesized in Examples 1-6 above. 
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TABLE 5. Time before breakthrough of DME in MTO reaction 

for materials synthesized in Examples 1-6. 



Example 
# 


Silicon 
content 1 


Breakthrough of 
DME (mins . ) 


9 


0.32 


375 


10 


0.25 


435 


11 


0.21 


375 


12 


0.17 


375 


13 


0.59 


325 


14 


0.09 


415 



1. Relative to A1 2 0 3 (1.0). 



The results in Table 5 indicate that the Si content is 
important for stability to deactivation by coking. The sample 
with the lowest Si content exhibited the greatest stability, 
while the sample with the highest Si content was poorest in 
this respect. Table 6 shows the product distribution in Example 
10. Product distribution in the other examples is quite 
comparable. 



t&rt.t: 6- Product distribution (carbon selectivities at break- 
through of DME) in catalytic test of catalyst 
synthesized in Example 10. 



Methane 


Bhone 


Ethane 


Propene 


Propane 


Butanes 


Butenes 


C5+ 


CO 




1.6 


43.9 


T.0 


42.0 


0 


0.1 


9.8 


1.1 


0.2 


0.3 



Example for comparison 

In order to compare this with the familiar technique, SAPO-34 
was synthesized as in NO 832712 (Exx. 15-19) . This method does 
not involve the use of HCl to control the silicon content of 
the synthesized SAPO-34. Five materials were synthesized with 
respective silicon contents of 0.14, 0.19, 0.23, 0.29 and 0.56, 
in other words samples with silicon contents comparable to 
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those in Examples 1-5. 



TABLE 7. Time before breakthrough of DME in MTO reaction for 
materials synthesized as in NO 832712. 



Example 


Silicon 


Breakthrough of 


# 


content 1 


DME (mins.) 


15 


0.14 


295 


16 


0.19 


325 


17 


0.23 


325 


18 


0.29 


325 


19 


0.56 


325 



1. Relative to A1 2 0 3 



With the exception of the sample with a relative molar Si 
content of 0.14, the table shows that all the samples exhibited 
the same interval before breakthrough of DME. This interval 
was 325 mins. The sample with the lowest Si content took 295 
mins. Comparing with Table 5, one sees that samples with 
comparable Si content, synthesized as in the present invention, 
exhibit better stability to deactivation than samples with the 
same Si content, synthesized by the familiar technique. This 
is evident from the fact that all the samples synthesized by 
the familiar technique exhibit a shorter interval before 
breakthrough of DME than samples synthesized in accordance with 
the present invention. This may be because the method described 
here provides a more favourable introduction of Si into the 
space lattice of the silico-alumino-phosphates and a better 
morphology, without this possible explanation implying any 
limitations on the invention. 
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Patent claims 

1. Procedure for producing crystalline microporous silico- 
alumino-phosphates with controlled Si content from a 
mixture of reactive sources of Si0 2 , A1 2 0 3 and P2O5 and 
an organic template material, where the mixture is 
produced by combining at least a portion of the Al source 
and the P source in the absence of the Si source and then 
mixing the resulting mixture with the other ingredients, 
characterized in that 

the aluminium and silicon sources in the synthesis gel 
are mixed in the same mole ratios as in the desired 
product composition, the phosphorus source is added in 
excess and an acid is added. 

2. Procedure according to Claim 1, 
characterized in that 

the excess of the phosphorus source is added correspond- 
ing to the amount remaining in the fluid phase after 
complete crystallization. 

3. Procedure according to Claim 1, 
characterized in that 

the acid additive used is hydrochloric acid. 

4. Procedure according to Claim 1, 
characterized in that 

the acid is added in a quantity such that the ratio of 
silica to hydrochloric acid in the gel is kept between 
0.3 and 3, preferably between 1 and 2. 

5. Procedure according to Claim 1, 
characterized in that 

tetraethyl ammonium hydroxide, cyclopentylamine, aminome- 
thyl-cyclohexane, piperidine, cyclohexylamine and tri- 
ethyl-hydroxy ethyl amine are used as template material. 
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Crystalline microporous silico-alumino-phosphates with 
improved stability to deactivation by coking, 
characterized in that 

they are synthesized from a mixture of reactive sources 
of Si0 2 , AI2O3 and P2O5 and an organic template material, 
where the aluminium and silicon sources in the synthesis 
gel are present in the same mole ratio as in the desired 
product composition, the phosphorus source is present in 
excess and with an extra acid additive. 

7. Silico-alumino-phosphates according to Claim 6, 
characterized in that 

the excess of the phosphorus source is present in a 
quantity corresponding to the amount remaining in the 
fluid phase after complete crystallization. 

8. Silico-alumino-phosphates according to Claim 6, 
characterized in that 

hydrochloric acid is present as an extra acid additive in 
a quantity such that the ratio of silica to hydrochloric 
acid in the gel is 0.3-3, with a special preference for 
1-2. 



6. 



9. Silico-alumino-phosphates according to Claim 6, 
characterized in that 

they at least exhibit an X-ray powder diffraction pattern 
characterized by data as given in Table 1. 

10. Use of crystalline microporous silico-alumino-phosphates 
synthesized from a mixture of reactive sources of Si0 2 , 
AI2O3 and P2O5 and an organic template material, where 
the aluminium and silicon sources in the synthesis gel 
are present in the same mole fractions as in the desired 
product composition, the phosphorus source is present in 
excess and with en extra acid additive, as a catalyst in 
the synthesis of olefins from methanol. 
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